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a  b  s  t  r  a  c  t
Olivine-type  LiNiPO4 has  been  considered  as  a  most  competitive  positive  electrode  active  material  for
lithium-ion  batteries.  In  the  present  paper,  the LiNiPO4 and  Co-doped  LiNi0.5Co0.5PO4 are  synthesized  by
solid-state  reaction  method  under  air atmosphere.  All the  X-ray  diffraction  peaks  of  both  the  compounds
are  indexed  and  it is  found  that  the samples  are  well  crystallized  in  orthorhombic  olivine  structure
belonging  to  the space  group  Pnma.  The  crystallite  size  is  calculated  from  the  Scherrer  formula  and  it
is  found  to be  6.918  and  4.818  nm  for pure  and  doped  samples,  respectively.  The  surface  morphology
and  grain  sizes  of the materials  are  investigated  through  scanning  electron  microscope.  Presence  ofRD
TIR
ielectric modulus
preferred  local  cation  environment  is understood  from  Fourier  transform  infrared  spectroscopy  (FTIR)
studies.  The  conductivity  and  dielectric  analysis  of the  samples  are  carried  out at  different  temperatures
and  frequencies  using  the  complex  impedance  spectroscopy  technique.  The electrical  conductivity  of
LiNi0.5Co0.5PO4 is  higher  than  that  of pure  LiNiPO4.
©  2016  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V. This  is  an  open  access  article  under  the CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Olivine-type structures are of interest as cathode materials
n lithium-ion batteries due to their abundance in nature, low
ost, reduced toxicity and good electrochemical performance [1].
hese materials of composition LiMPO4 (M = Ni, Co, Fe, Mn,  space
roup Pnma) are promising candidates for cathode materials in
ithium-ion battery materials. This family of materials has several
dvantages over the layered rock salt oxides (LiMO2 (M = Co, Ni,
n)) and spinel LiMn2O4 that are currently used in commercial bat-
eries. Besides its high discharge capacity (≈170 mAh  g−1), LiMPO4
athode material shows high stability during lithium extrac-
ion/insertion and does not deteriorate when used at moderately
igh temperatures [2,3]. Among the four types of lithium transi-
ion metal phosphates, LiNiPO4 has the highest operation voltage
f 5.1 V against lithium metal. The main advantages of LiNiPO4 are
ts high stability, being inexpensive and environmentally friendly∗ Corresponding author at: Advanced Analytical Laboratory, DST-PURSE, Andhra
niversity, Visakhapatnam, India. Tel.: +91 98485 66927.
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nature. Unfortunately, besides all their advantages, low electrical
conductivity is one of the major deﬁciencies in olivine-phased com-
pounds. Many efforts have been undertaken to improve electrical
properties by structure modiﬁcation, introduction of carbon coat-
ing, and by selective doping with transition metal ions, which can
greatly improve the conductivity [4–7].
In the present paper, structural and dielectric properties of
olivine LiNiPO4 and Ni-site substituted LiNi0.5Co0.5PO4 are pro-
vided. Both materials are synthesized by a standard solid-state
reaction method at high temperature. Structural, vibrational,
dielectric and impedance studies are systematically investigated.
2. Preparation and experimental techniques:
Pure LiNiPO4 and doped LiNi0.5Co0.5PO4 cathode materials are
synthesized by a solid-state reaction method from stoichiometric
amounts of Li2CO3 (Merck 99.9%), NiO (Merck 99.9%), CoO (Merck
99.9%) and (NH4)3PO4 (Merck 99.9%). The solid-state reaction syn-
thesis method involves three steps. First, the precursors, as raw
materials, are well mixed and thoroughly ground, then subjected
to heat treatment at a temperature of 80 ◦C for 12 h and 500 ◦C for
4 h in air to dry the samples free from gases. Finally, the mixture
is reground and sintered at temperatures ranging from 850 ◦C for
20 h in air to complete the chemical reaction.
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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iFig. 1. XRD pattern of 
The powder X-ray diffraction (XRD) data of the sample are col-
ected on a PANalytic Cu K diffractometer with diffraction angles
f 10◦ and 50◦ in increments of 0.02◦. The unit cell lattice parameter
s obtained by the unit cell software from the 2 and (h k l) val-
es. Further, the crystal size of the sample is obtained by applying
he Scherrer’s equation from XRD pattern. The particle morphology
f the powders are observed using scanning electron microscopy
mages taken from JOEL JSM-6610LV scanning electron microscope,
xford Instruments, Inca Penta FETx3.JPG connected with energy
ispersive spectra. Fourier transform infrared (FTIR) spectra are
btained on a Shimadzu FT-IR-8900 spectrometer using KBr pellet
echnique in the wave number range between 400 and 1300 cm−1.
 pressure around 3 tons is applied to form a pellet with 1 mm thick-
ess and 10 mm diameter. The pellet has been sintered at 850 ◦C for
0 h. Subsequently, the pellets are polished by ﬁne emery paper to
ake their faces smooth and parallel. The pellets are ﬁnally coated
ith conductive silver paint. The impedance study is performed
y Wayne Kerr High frequency LCR meter Model 65120 in the
requency range 50 Hz to 5 MHz  at temperature range from room
emperature to 100 ◦C.
. Results and discussion
.1. X-ray diffraction
The X-ray diffraction patterns of pure LiNiPO4 and Co-doped
iNi0.5Co0.5PO4 are shown in Fig. 1. The crystal phases of both the
ompounds are identiﬁed to be LiNiPO4 phase with ordered olivine
tructure indexed by orthorhombic symmetry with Pnma space
roup. It can be seen from the patterns that all diffraction peaks are
ery strong after cobalt doping, which indicated that the sample
as good crystal structure. It means that entire cobalt entered into
he lattice of LiNiPO4. The results show that cobalt dopant has been
uccessfully doped into the Ni site without affecting the phospho-
livine structure. All the major peaks are labeled with (h k l) values.
t has also been observed that the 2 values obtained from XRD are
n good agreement with JCPDS ﬁle number 88-1297.2θ
4 and LiNi0.5Co0.5PO4.
The average crystallite size has been calculated by the
Debye–Scherrer method. The crystallite size has been found to be
6.918 and 4.818 nm for LiNiPO4 and LiNi0.5Co0.5PO4, respectively.
The lattice parameters of all these samples have been calculated by
using Unit cell software and summarized in Table 1. From the table,
the lattice parameter for cobalt-doping LiNiPO4 is slightly larger
than pure LiNiPO4. Doping effect will sometimes increase lattice
parameters or decrease it, depending on doping ion and amount
of doping. It has been seen that the lattice parameter along b-axis
increases in LiNiPO4 as the position of Ni2+ in the lattice is partially
replaced by Co2+, which is favorable to the transmission of lithium
ions for the lithium ion transmitting along b-axis. The reason is
that the ionic radius of Ni2+ is 69 nm and smaller than 72 nm,  that
of Co2+, and it caused the increase of length of b-axis. The lattice
volume of Co-doped LiNi0.5Co0.5PO4 is larger than that of LiNiPO4,
which may  be useful for lithium in the insert and de-insert process.
Another reason is that the low concentration cobalt doping leads
to the shrinkage of crystal cell due to the smaller radius of Co2+ ion
than that of Ni2+ ion. The small change in the lattice constants is
due to the doping of cobalt in the nickel lattice [8–12].
3.2. SEM with EDS
Fig. 2 shows the microstructure of LiNiPO4 and LiNi0.5Co0.5PO4
calcined at 850 ◦C. The image clearly shows agglomeration of sub-
micron size particles. When the Co doping the morphology of
the sample shows slightly particle-agglomerated and has a well-
shaped, smoother crystal with sharp edges. But a similar size
distribution and morphology are observed. Both the compounds
have a spherical shape. The grain size of both the compounds
is found to be 3.26 m and 4.33 m,  respectively. It has been
reported that the particle size and morphology are important for
the LiNiPO4 composite to achieve satisfactory electrochemical per-
formance. Therefore, these results indicate indirectly that both the
compounds could give more advantages of electrochemical per-
formance due to its well crystallization and suitable particle size
[13].
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Fig. 2. SEM images and elemental analysis for LiNiPO4.
Fig. 3. SEM images and elemental analysis for LiNi0.5Co0.5PO4.
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Table  1
Lattice parameters, cell volume and crystallite sizes of LiNiPO4 and LiNi0.5Co0.5PO4.
Compound a (nm) b (nm) c (nm) Space group Cell volume (nm) Crystallite size (nm)
LiNiPO4 1.0015 0.5848 0.4617 Pnma 0.2704 6.918
LiNi0.5Co0.5PO4 1.0120 0.5855 0.4668 Pnma 0.2766 4.818
LiNiPO4 [14] 1.02 0.591 0.473 Pnma 0.2851 4.89
LiCoPO4 [14] 1.003 0.585 0.469 Pnma 0.2751 4.06
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Table 2
Vibrational spectra data (cm−1) and band assignments.
S. No. Infrared wave number (cm−1) Assignment
LiNiPO4 LiNi0.5Co0.5PO4 LiCoPO4
1 436 436 466 (Li O)
2  525 516 518 (Ni O)
3  547 546 547 2(PO4)3−
4 569 568 578 2(PO4)3−
5 649 647 644 4(PO4)3−
6 720 722 – 4(PO4)3−
6 945 945 967 1(PO4)3−
7 1051 1051 1058 3(PO4)3−wave number  (c m )
Fig. 4. FTIR spectra of LiNiPO4 and LiNi0.5Co0.5PO4.
The EDS spectra conﬁrmed the presence of Ni, P and O in LiNiPO4
athode material, as shown in Fig. 3. It is clearly observed that the
pectra show the appropriate ratios of the elements. Lithium is not
bserved in the EDS spectrum because it has too low of an atomic
umber to be detected with EDS.
.3. FTIR
In an ideal case, the phosphate ion exhibits four fundamen-
al modes of vibrations at 1148 (3), 1053 (1), 648 (4) and 474
2) cm−1. Of these, 1 is nondegenerate; 2 is doubly degenerate,
hereas 3 and 4 are triply degenerate. Among these four vibra-
ions, only 3 and 4 vibrations are infrared active. In this study, the
undamental frequencies of PO4 polyanions are split into the corre-
ation effect, which in turn is induced by the coupling of M O bonds.
s a result, the vibration spectra of LiNiPO4 and LiNi0.5Co0.5PO4 are
ominated by the fundamental vibrations of PO4 polyanions. Fig. 4
hows four fundamental vibrations of PO4, such as stretching mode
round 1 – 945 cm−1, a doublet at around 2 – 525 and 516 cm−1
nd two triplets namely, 3 – 1051 and 4 – around 722 cm−1. Fur-
her, the observed peaks at 547 and 569 cm−1 regions are attributed
o the asymmetric stretching modes of NiO6 octahedra, thus con-
rming the formation of olivine-phase structure. Basically, 1 and
3 modes involve the symmetric and antisymmetric stretching
ibration of the P O bonds, whereas 2 and 4 modes involve
ainly O P O symmetric and antisymmetric bending modes with
 small contribution of P vibration [14–20]. The wave numbers of
nd their band assignments are shown in Table 2.
.4. Impedance spectroscopyThe impedance investigation of the cathode materials in the
ide frequency range has an advantage because it allows separat-
ng charge transport processes in grains and grain boundaries of the
aterials in a wide temperature range. The measured impedance8 1099 1085 – 3(PO4)3−
9 1136 1135 1146 3(PO4)3−
data can be represented in different forms, using the inter-relations
as follows:
Complex impedance Z∗ = Z ′ − jZ ′′
Complex modulus M∗ = M′ + jM′′ = jωC0Z∗
Complex permittivity ε∗ = ε′ − jε′′
where j = √−1, C0 is the vacuum capacitance and ω = 2f is the
angular frequency. (Z′, M′, ε′) and (Z′′, M′′, ε′′) are the real and
imaginary components of impedance, modulus and permittivity,
respectively.
3.5. Nyquist plots
Fig. 5 shows typical Nyquist (impedance) diagrams of LiNiPO4
and LiNi0.5Co0.5PO4 at different temperatures. Nyquist plots show
two semicircles indicating bulk and grain boundary contribution to
the impedance behavior for all temperatures. The semicircular pat-
tern in the impedance spectrum is a representative of the electrical
processes taking place in the material, which can be expressed as
an equivalent electrical circuit comprising of a parallel combination
of resistive and capacitive elements. The presence of semicircular
arcs can be thought of as resulting from the effect of parallel com-
bination arising due to the contribution of bulk properties of the
material, i.e. the high frequency semicircle is attributed to the bulk
property of the material [21–25]. The electrical processes taking
place within the material have been modeled on for a polycrys-
talline system. This provides convincing evidence that the electrical
properties of LiNiPO4 and LiNi0.5Co0.5PO4 are dependent on the
microstructure as well as temperature.
3.6. Bode plots
The variations of real (Z′) and imaginary (Z′′) parts of
impedance with frequency at different temperatures of LiNiPO4 and
LiNi0.5Co0.5PO4 are shown in Figs. 6 and 7. The value of Z′′ decreased
with increase in frequency at low temperatures. The peak position
shifts toward higher frequency side with rise in temperature, and
also the width of the peak broadened with increasing temperature.
The asymmetric broadening of peaks in Z′′ with frequency suggests
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Fig. 5. Nyquist plots.
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hat there is a spread of relaxation time. Also, the shifting of relax-
tion peak indicates the existence of a temperature-dependent
lectrical relaxation phenomenon in the material [26–29].
.7. a.c. conductivity studies
The a.c. conductivity is calculated from dielectric data using the
ollowing relation:ac = ωεrε0 tan ı where ω = 2f
The variation of a.c. electrical conductivity of LiNiPO4 and
iNi0.5Co0.5PO4 as a function of frequency at different temperatureswith frequency.
is shown in Fig. 8. The conductivity spectrum displays charac-
teristic conductivity dispersion throughout the frequency range,
and a low frequency-independent plateau is observed, whereas
in the higher frequency region, dispersion of conductivity is still
retained. The crossover from the frequency-independent region to
the frequency-dependent regions shows the onset of the conduc-
tivity relaxation, indicating the transition from long-range hopping
to the short-range ionic motion. The frequency of onset of conduc-
tivity relaxation shifts with temperature to higher frequency side
[30–36]. Thus, a.c. conductivity, derived from the classical point of
view, implies that the conductivity of a material increases when
a large number of free electrons exist and the relaxation time ,
i.e. the average time between collisions, is long. The conductivity
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Fig. 9. Arrhenius plots for LiNiPO4 and LiNi0.5Co0.5PO4.
n these crystalline compounds is due to the mobile ions hopping
mong energetically favorable sites in the surrounding potential.
he motion of the surrounding ions simply provides the activation
nergy for mobile ions to move through channels in the crystalline
ramework.
.8. Activation energy
Fig. 9 presents the experimental results of the electrical conduc-
ivity for all the synthesized compounds in the standard Arrhenius
lots as follows:
 = 0 exp
[−Ea
kBT
]
here Ea is the activation energy. These results show an increase
f the conductivity with increasing temperature for all compounds
ndicating a characteristic activated behavior over the complete
emperature range studied. Furthermore, plots of log  vs. 1/T
re found to be linear in the temperature range considered. The
stimated values of Ea are 0.6075 eV and 0.7334 eV 100 kHz, respec-
ively. The type of temperature dependence of a.c. conductivity
ndicates that the electrical conduction in the material is a ther-
ally activated process. It is well known that the motion of oxygen
acancies gives rise to activation energy of 1 eV. In cathode mate-
ials, usually oxygen vacancies are considered as one of the mobile
harge carriers in olivine structure [37–39]. The ionization ofiNiL 0.5Co0.5PO 4 
 with frequency.
oxygen vacancies creates conducting electrons, which are easily
thermally activated. From the results of conduction and the value
of the activation energy for conduction, it clearly suggests a pos-
sibility that the conduction in the higher temperature range for
charge carriers may  be oxygen vacancies.
3.9. Dielectric constant
The value of dielectric constant is related mainly to the contribu-
tion of the polarization due to the migration of Li+ ions, vibrations of
lattice and electronic polarization. The dielectric constant is deter-
mined from the calculated capacitance values of the samples using
the following formula:
⇒ εr = C × dε0 × A
where C is capacitance, A is area of the electrode and ε0 is permit-
tivity of the free space.
The variation of dielectric constant with frequency of LiNiPO4
and LiNi0.5Co0.5PO4 at different temperatures is shown in Fig. 10. It
is observed that ε′ decreases monotonically with increasing fre-
quency for all the temperatures, which is a normal behavior of
polar dielectric materials. The ε′ value is observed to increase with
rise in temperature for all frequencies, but the increase in the ε′
value is more in the low frequency region as compared to the high
frequency region.
The value of dielectric constant increases with increase in tem-
perature after a certain value of temperature. The value of dielectric
constant remains constant up to a certain temperature, and after
that it increases suddenly giving rise to a peak and again decreases
to a lower value. The dielectric constant increases with increase
in temperature due to increase in polarization caused because of
separation of negative and positive charges at higher temperature
[40–42].
The plot of log ε′′ vs. log f is shown in Fig. 11. The slope of the
straight line has been found to be in the range of 0.65–1.90. The
deviation from the unity may  be attributed to the space charge
effects at low frequencies.
3.10. Dielectric loss (tan ı)
With alternating voltage, the charge stored on a dielectric has
both real (in-phase) and imaginary (out-of-phase) components,
which is caused by resistive leakage or can be dielectric absorp-
tion. The loss is expressed by the ratio of out-of-phase component
to the in-phase component. This is the dissipation factor (D) of the
dielectric loss, also frequently called loss tangent (tan ı).
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Fig. 12 shows the frequency dependence of tan ı at various
emperatures. The dielectric loss is observed to be higher at low
requency and decreases with increase in frequency, which is simi-
ar in behavior to that of the variation of dielectric constant. Also the
ielectric loss is more in cobalt-doped LiNiPO4 at low frequency.
From the result of ε′, ε′′ and tan ı, it is understood that these
alues increase with increase in temperature and cobalt doping. ı with frequency.
The increasing value of dielectric constant (ε′) with temperature
is mainly due to the contribution of the migration polarization of
lithium ions. Thus, the dielectric dispersion observed with tem-
perature and frequency variation conﬁrms the electrical charge
hopping mechanism, which governs both the charge transport and
relaxation phenomenon in the present sample. The increase of tan ı
with temperature is related to the contribution of conductivity in
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Fig. 13. Variation
he investigated temperature region. The increasing value of ε′′ is
elated to the polarization due to vibrations of lattice and electronic
olarization [43,44].
.11. Modulus analysis
The ion transport process in ionic conductors has been studied
n terms of electrical modulus spectrum. Fig. 13 shows the real part
f electric modulus M′ with log f plots obtained at different tem-
eratures of the LiNiPO4 and LiNi0.5Co0.5PO4. It is observed that the
hape of each curve is asymmetric of non-Lorentzian type, exhibit-
ng a peak at the relaxation frequency with a long tail extending in
he region of shorter relaxation time. At lower frequency, M′ value is
early zero and it rose while increasing the frequency and saturated
t higher frequencies. The dispersion region of M′ moved toward
he higher frequencies as the temperature increased [45–48].
. Conclusion
Olivine-type cathode materials, LiNiPO4 and LiNi0.5Co0.5PO4,
ave been prepared by solid-state reaction method. The lattice
arameter for cobalt-doping LiNiPO4 is slightly larger than pure
iNiPO4. It results in the cobalt doping favoring the expansion
f the lattice volume and providing more space for lithium-ion
ransportation. Dielectric spectra show the decrease in dielectric
onstant with increase in frequency. The activation energy is found
o be 0.6075 eV and 0.7334 eV at 100 kHz. These results indicated
hat the LiNiPO4 and LiNi0.5Co0.5PO4 are promising cathode mate-
ials for application in lithium-ion batteries.
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